
ANL-83-47 ANL-83-47 

SIMULATION AND OPTIMIZATION STUDY OF A 

SOLAR SEASONAL STORAGE DISTRICT HEATING SYSTEM: 

THE FOX RIVER VALLEY CASE STUDY 

by 

A. I. Michaels, S. Sillman, 

F. Baylin, and C. A. Bankston 

RETURN TO REF. . . . Z FILE 
TECHNICAL PUBliCATIONS 

DEPARTMENT 

ARGONNE NATIONAL LABORATORY, ARGONNE, ILLINOIS 

Operated by THE UNIVERSITY OF CHICAGO 

for the U. S. DEPARTMENT OF ENERGY 

under Contract W-31-109Eng-38 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United 
States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, com­
pleteness, or usefulness of any information, apparatus, product, 
or process disclosed, or represents that its use would not infringe 
privately owned rights. Reference herein to any specific com­
mercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise, does not necessarily constitute or 
imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof. The views and 
opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency 
thereof. 

Printed in the United States of America 
Available from 

National Technical Information Service 
U. S. Department of Commerce 
5285 Port Royal Road 
Springfield, VA 22161 

NTIS price codes 
Printed copy: A04 
Microfiche copy: AOl 



Oistribut ion Category: 
Heating and Cooling — 

Projects (UC-59a) 

ANL-83-'*7 

ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue 

Argonne, Illinois SO'^SS 

SIMULATION AND OPTIMIZATION STUDY OF A 
SOLAR SEASONAL STORAGE DISTRICT HEATING SYSTEM: 

THE FOX RIVER VALLEY CASE STUDY 

by 

A. I. Michaels, S. Sillman,* 
F. Baylin,* and C. A. Bankston 

Solar Energy Group 

May 1983 

*Solar Energy Research Institute, Golden, Colorado. 





TABLE OF CONTENTS 

Page 

ABSTRACT 1 

ACKNOWLEDGEMENTS 2 

1. INTRODUCTION 2 

2. SYSTEM DESCRIPTION AND LOAD 5 

2.1 Community Description 5 
2.2 Locat ion and CI imate 5 
2.3 Load 9 
2.4 Overall System Description 13 

3. SUBSYSTEM CHARACTERISTICS 17 

3.1 Aquifer Specifications 17 
3.2 Aquifer Performance Modeling 20 
3.3 Collector Subsystems 24 
3.4 Distribution Subsystem 24 

4. SIMULATION MODELS AND METHODS 26 

4.1 Use of MINSUN 26 

4.2 The SASS Code 26 

5. RESULTS 28 

3.1 Preliminary Analyses 28 
3.2 Aquifer System Final Sizing and Economic Analyais 29 
3.3 Discussion of Aquifer System Results 40 
3.4 Sensitivity Analysis 42 

3.4.1 Aquifer Size 44 
3.4.2 Distribution Losses 45 
3.4.3 Backup Power Delivery System 45 
3.4.4 Aquifer Heat Exchanger 46 

3.3 Annual Cycle Systems with Buried Storage Tar^ 48 

6. CONCLUSIONS 52 

APPENDIX: MINSUN AND SERI DESIGN METHODS i 54 

A. Validation of the SASS Code Againat MINSUN 54 
B. The MINSUN Optimizer and the SERI Deaign Criteria 56 

REFERENCES 61 

ill 



LIST OF FIGURES 

Page 

Figure 1. Geographical Layout of the Fox River Valley NTC 6 

Figure 2 . Design Day Power Requirements 10 

Figure 3. Summer Operation (MODE A, B, C - No Load) 14 

Figure 4. Winter Operation (MODE A) 14 

Figure 5. Winter Operation (MODE B) 16 

Figure 6. Winter Operation (MODE C) 16 

Figure 7. St. Paul, MN High Temperature Field Test Aquifer 18 

Figure 8 . Aquifer Temperature Profiles 22 

Figure 9. System Performance Flat Plate Collectors 31 

Figure 10. System Performance Evacuated Tube Collectors 32 

Figure 11. System Peformance Parabolic Trough Collectors 33 

IV 



LIST OF TABLES 

Page 

Table 1. Average Seaaonal Weather •, 

Table 2. Monthly and Annual Insolation and Temperatures o 

Table 3. Design Day Space Heating and DHW Loads ^^ 

Table 4. Monthly Energy Demand 12 

Table 3. Aquifer Hydraulic and Thermal Characteristics 19 

Table 6. Collector Parameter Valuea 23 

Table 7. Preliminary Simulation Results 30 

Table 8. System Performance, Sizing and Economics 37 

Table 9. Senaitivity Analysis for Aquifer System Performance 43 

Table 10. Performance, Sizing and Economics for Systems with Storage 
Tanks 49 

Table 11. Validation of SASS Simulation Code 37 





SIMULATION AND OPTIMIZATION STUDY OF A SOLAR 
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ABSTRACT 

A central solar heating plant with seasonal heat storage in a 

deep underground aquifer is designed by means of a solar seasonal 

storage system simulation code based on the Solar Energy Research 

Institute (SERI) code for Solar Annual Storage Simulation (SASS). 

This Solar Seasonal Storage Plant is designed to supply close to 

100S of the annual heating and domestic hot water (DHW) load of a 

hypothetical new community, the Fox River Valley Project, for a 

location in Madison, Wisconsin. Some analyses are also carried out 

for Boston, Massachusetts and Copenhagen, Denmark, as an indica­

tion of weather and insolation effects. Analyses are conducted for 

five different types of solar collectors, and for an alternate 

system utilizing seasonal storage in a large water tank. Predicted 

seasonal performance and aystem and storage costs are calculated. 

To provide some validation of the SASS results, a simulation of the 

solar aystem with seaaonal storage in a large water tank is also 

carried out with a modified version of the Swedish Solar Seasonal 

Storage Code MINSUN. 

Solar Energy Research Institute, Golden, Colorado 
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1 . INTRODUCTION 

The h e a t i n g and h o t w a t e r r e q u i r e m e n t s o f dense u rban n e i g h b o r h o o d s , 

p a r t i c u l a r l y i n t h e n o r t h e r n , n o r t h e a s t e r n and m i d w e s t e r n r e g i o n s o f t h e 

U . S . A . , a r e a p r i m a r y consumer o f f o s s i l f u e l s and a sou rce o f heavy u r b a n 

a i r p o l l u t i o n . The a t tempt t o meet a s i g n i f i c a n t p o r t i o n o f t h i s h e a t i n g 

l o a d and t o reduce p o l l u t i o n by t h e u t i l i z a t i o n o f s o l a r energy i n t h e u s u a l 

s i n g l e r e s i d e n c e , d i u r n a l c y c l e system i s e x t r e m e l y d i f f i c u l t and i s u n l i k e l y 

t o be c o s t e f f e c t i v e i n t h i s r e g i o n b e c a u s e o f v e r y h i g h w i n t e r l o a d s 

combined w i t h g e n e r a l l y low w i n t e r i n s o l a t i o n . A s i m i l a r , and p e r h a p s e v e n 

more c r i t i c a l , s i t u a t i o n e x i s t s i n most o f Europe and i n Canada. 

However, even i n c o u n t r i e s w i t h t h e most s e v e r e unba lance between w i n t e r 

l o a d and i n s o l a t i o n , such as Sweden, a s u b s t a n t i a l q u a n t i t y o f s o l a r energy 

i s a v a i l a b l e d u r i n g t h e summer, s p r i n g , and f a l l s e a s o n s . A s o l a r s y s t e m 

w h i c h i s d e s i g n e d t o c o l l e c t and s t o r e t h i s energy f o r u t i l i z a t i o n d u r i n g 

w i n t e r months can be a v i a b l e and c o s t e f f e c t i v e s o u r c e o f w i n t e r h e a t i n g . A 

number o f a n a l y s e s ' ' - ^ have demons t ra ted q u i t e r e l i a b l y t h a t a l a r g e , s e a s o n a l 

s t o r a g e s o l a r system can s u p p l y a g i v e n h e a t i n g l o a d w i t h 30 t o 7Q% l e s s 

c o l l e c t o r a r e a t h a n a se t o f s m a l l d i u r n a l s o l a r sys tems s u p p l y i n g t h e same 

l o a d . I n a d d i t i o n , such l a r g e sys tems , u t i l i z i n g a l a r g e c e n t r a l c o l l e c t o r 

f i e l d , a l a r g e u n d e r g r o u n d s t o r a g e subsys tem, and a modern , low t e m p e r a t u r e 



heat d i s t r i b u t i o n system, can be bu i l t readily in urban environments, of fer 

considerable economies of s c a l e , can be cost e f f e c t i v e , and can c l e a n l y 

provide close to 100« of a given large, high density load^t*. 

In response to t h i s mutual need, and in recogn i t ion of the high 

potential for success, an Internat ional Energy Agency (lEA) program was begun 

in January 1980 to exchange in format ion and cooperate in the d e s i g n , 

analysis, construction and operation of solar seasonal atorage aystems. Thia 

was Task V I I on Central Solar Heating Planta with Seasonal Storage (CSHPSS) 

of the lEA Solar Heat ing and Cooling Program. Nine count r iea (Austr ia , 

Canada, Denmark, Germany, the Netherlands, Sweden, S w i t z e r l a n d , the Uni ted 

Kingdom, and the United States) plus the Joint Research Center (JRC) of the 

Commission of European Countries (CEC) in Ispra, I t a l y , are p a r t i c i p a t i n g i n 

th is Task V I I . 

One of the ear l ie r a c t i v i t i e s of Task V I I was the selection and develop­

ment of a simulation/optimization code for the design and analysis of CSHPSS 

systems. The primary code chosen for t h i s purpose was the Swedish solar 

seasonal s torage code MINSUN.^ However, in i t s exist ing form th is code was 

not adequate for the design of the wide variety of CSHPSS system c o n f i g u r a ­

t ions of i n t e r e s t to the p a r t i c i p a t i n g c o u n t r i e s . Consequently, a con­

siderable nunber of modifications and improvements have been and are s t i l l 

being made in th ia code.^ During th is period of code development a number of 

base caae CSHPSS syatema were choaen and analyzed aa a means of t e s t i n g the 

code, t r a i n i n g operators and comparing results between nations. Following 

upon t h i s , each par t ic ipat ing nat ion ae lected a N a t i o n a l Test Case (NTC) , 

e i t h e r a h y p o t h e t i c a l or an actual CSHPSS deaign of part icular interest to 

i t s e l f . These NTCs were simulated and analyzed with e x i s t i n g na t ion CSHPSS 

simulation codea and, where poaaible, with the then current version of MINSUN 

(severa l i t e r a t i o n s of these NTC analyses were and are being made w i t h 

successive improved vers ions of MINSUN). The U . S . A . , as par t of t h i s 

exercise, formulated a U.S.A. NTC cal led the Fox River Valley Project . This 

was a h y p o t h e t i c a l new community of commercial and res ident ia l bui ld ings, 

essential ly i d e n t i c a l to one aec t ion of a p r o j e c t deaigned, w i th a co -

g e n e r a t i o n - d l s t r i c t hea t ing ayatem for h e a t i n g , c o o l i n g , hot water and 



e l e c t r i c i t y , for construction in the Fox River Valley Region close to Aurora, 

I l l i n o i s . 7 For the purposes of th is study the CSHPSS project was analyzed 

for a Madison, Wisconsin locat ion, since th is i s considered more favorab le 

for solar seasonal storage systems and since Madison was one of the standard 

cl imatic locations chosen by Task VII for comparative analyses. In add i t ion , 

some analyses were also performed for an ident ical project located in Boston, 

Massachusetts, and in Copenhagen, Denmark, in order to assess weather and 

i nso la t i on e f f e c t s . These two l a t t e r c i t i e s are also standard Task VI I 

climatic locations. Analyses were performed for f i v e d i f f e r e n t c o l l e c t o r 

types ( f l a t p la te , commercial vacuum tube, advanced CPC vacuum tube, 

parabolic trough, and central receiver), for two d i f f e r e n t storage methods 

(aqui fer and tank) , and for a range of values of the s ign i f i can t design and 

economic parameters. Seasonal performance, and system and storage cos ts 

were calculated in each case. 

Since the MINSUN code did not, and s t i l l does not, have the capabi l i ty 

to simulate the performance of a solar heating plant wi th seasonal s torage 

in an aqui fer , these analyses were performed with a simulation code based on 

the U.S.A. Solar Annual Storage Simulation (SASS) Code developed at the Solar 

Energy Research I n s t i t u t e (SERI) i n Golden, Colorado.^ This code was 

modified by ins ta l la t ion of the MINSUN weather- insolat ion-col lector processor 

UMSORT,̂  and by add i t ion of a l inear-graphical simulation model of aquifer 

performance developed by LBL.^ However, i n order to have some cross 

reference between SASS and MINSUN analyses, a number of s imu la t i on runs of 

the Fox River Valley Project with seasonal storage in a tank were carr ied out 

with both SASS and MINSUN. A complete, d e t a i l e d set of s imu la t i on and 

s e n s i t i v i t y analyses of the Fox River Val ley Pro jec t with an underground 

concrete seasonal storage tank are currently being conducted with the l a t e s t 

version of MINSUN, and w i l l be reported at a la ter date. 



2 . SYSTEM DESCRIPTION AND LOAD 

2.1 Community Description 

The Uni ted S ta tes Task V I I par t ic ipants are designing a National 

Test Case (NTC) solar seasonal storage aystem for a hypothetical community in 

Madison, Wisconsin which is modeled on a zone of The Fox River Valley project 

in I l l i n o i s ' . The geographic layout is presented in Figure 1 . Approximately 

one th i rd of the community consists of the high densi ty town c e n t e r , w i th 

commercial and public buildings comprising a t o t a l f loor area of about 2.2 x 

10^ m' , and w i th high and mid-r ise apartment buildings containing 446 uni ts 

of 5.2x 10* m2 t o t a l f l o o r a r e a . The remainder of the zone is low density 

resident ia l with 730 town houses and 408 garden apartments having a t o t a l 

f l o o r area of 1.3 x 10^ m^. The d i s t r i b u t i o n of b u i l d i n g types i s 89S 

resident ia l and 11% commercial. 

The community buildings are assumed to u t i l i z e standard present day 

construction methods with no special energy conaerving features not commonly 

in use in the U.S.A. For the purpose of t h i s des ign -ana lys is a uniform 

average degree-hour space-heating load c o e f f i c i e n t of 0 .429 MWH per degree 

day centigrade, referred to 18*C, and an internal gain of 1300 KW is assumed, 

with a further assumption of zero heating load i n June, July and August. The 

DHW load i s aaaumed to be constant at 24 MWh/day (1000 KW) throughout the 

year. 

2.2 Location and Climate 

Madison, Wisconsin is located at latitude 43"8'N, longitude 

89'20'W, at an altitude of 262 meters above sea level. It is approximately 

70 milea weat of Lake Michigan, and haa several amall lakes in its immediate 

vicinity. The area ia generally flat glacial terrain, underlaid by a number 

of aquifers and clay layers at various depths. The project site will be a 

reaaonably cloae-in suburb of the city, where some new housing development is 

underway (so that roads and utility aervicea are available, but where land 

prices have not experienced too high a speculative eacalation). 
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Figure 1. Geographical Layout of the Fox River Valley NTC 



The seasonal variation and annual weather and insolation conditions 

are given in Tables 1 and 2 below: 

Table 1. Average Seasonal Weather 

JAN APR JUL OCT 

Wind (m/s) 3.2 3.7 3.8 4.8 

Sky Cover {%) 60 36 47 32 

Precipitation (m) 0.036 0.069 0 0.008 

Snowfall (m) 0.241 0.038 0 0.008 

Relative Humidity («) 77 66 70 70 

3.7 

36 

0.069 

0.038 

66 

3.8 

47 

0 

0 

70 



00 

Tab le 2 . Monthly and Annual I n s o l a t i o n and Temperatures 

O A N F E B M A R A P R M A Y O U N J U L A U G S E P O n N O V D E C ANNUAL 

Dai ly Rad ia t ion 

HJ/SQ in. 5 .85 9 .12 12.89 15.87 19.78 22 .11 21.95 19.38 14.75 10.34 5.72 4 .41 13.52 

Average Daytime 

Temp. Deg. C - 7 . 0 - 5 . 0 0 .5 9 .2 15.2 20.6 23.0 22.3 17.3 11.8 2.9 - 4 . 3 8.9 

Average Daily 

(Temp. Deg. C) -8.4 -6.5 -1.0 7.4 13.3 18.8 21.2 20.4 15.4 9.9 1.5 -5.6 7.2 

C. Degree Days 

(Ref. IB'C) 830 696 599 328 165 40 8 22 96 263 505 742 4294 



2.3 Load 

For purpoaes of this design, apace heating and domeatic hot water 

load data simulated for the Fox Valley community were examined in three 

forms: design day hourly energy requirements, from which were derived peak 

power loads; monthly total energy requlrementa; and annual energy require­

ments. 

The design day temperature for Madison was taken aa -10"F. The 

maximun power required at the load on the deaign day ia then 17.0 MW. Deaign 

day data are plotted in Figure 2, and are listed in detail, by building type, 

in Table 3. The monthly and annual apace heating, DHW and total load data 

are presented in Table 4. The monthly domestic hot water load for the entire 

community is based on a constant uaage of 24 MWhr/day. The total annual 

load is then 34.6 x 10^ MWh. The annual space heating and DHW loada are 

43.8 X 10^ MWh and 8.8 x 10^ HWh, respectively. 

Note that the analyaes for Boston snd Copenhagen are baaed on 

different loads, which are calculated for the climatea of thoae cities. 
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Table 5. Deaign Day Space Heating and DHW Loada 

Tlae 

of 

Day 

Mid-rlM 

Apartaent 

rira 

Station 

School 

Zone 

TOMH 

Center 

L ow-r1se 

ApartMent 

Total 

Loads 

Total 

Haat OHM Heat OHM Heat OHM Heat OHM Heat OHM Heat OHM 

1 

2 

J 

4 

5 

6 

7 

a 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

262 

300 

337 

374 

374 

337 

300 

300 

262 

262 

262 

225 

225 

187 

187 

187 

187 

225 

225 

262 

262 

300 

300 

337 

47 

38 

28 

38 

28 

38 

47 

47 

94 

85 

76 

66 

66 

57 

47 

47 

47 

57 

76 

76 

66 

57 

57 

66 

7 

6 

7 

7 

7 

7 

7 

7 

7 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

7 

7 

1 

1 

1 

1 

1 

9 

9 

8 

7 

7 

7 

8 

1 

1 

9 

8 

8 

9 

4.7 

4.7 

7.1 

9,4 

18.9 

23.6 

23.6 

18.9 

16.5 

11.8 

7.1 

7.1 

7.1 

7.1 

7.1 

7.1 

9.4 

9.4 

9.4 

7.1 

4,7 

23.6 

23,6 

23.6 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

3 

1 

1 

0 

0 

0 

0 

0 

0 

0 

.5 

4 

4 

0 

7 

0 

7 

3 

101 

101 

121 

121 

121 

121 

142 

202 

202 

202 

162 

121 

81 

61 

61 

61 

61 

121 

142 

142 

121 

121 

121 

101 

0 

0 

0 

0 

0 

0 

0 

0 

.7 

4.1 

6,8 

6.8 

4.1 

4,1 

4.1 

4.1 

6,8 

6.8 

4.1 

4,1 

0 

0 

0 

0 

929 

826 

929 

929 

1032 

929 

929 

929 

929 

826 

826 

826 

826 

826 

826 

826 

826 

826 

826 

826 

826 

826 

929 

929 

91 

73 

55 

73 

55 

73 

91 

91 

182 

164 

146 

128 

128 

109 

91 

91 

91 

109 

146 

146 

128 

109 

109 

128 

1304 

12)5 

1401 

1440 

1553 

1418 

1402 

1457 

1417 

1308 

1263 

1185 

1145 

1087 

1087 

1087 

1089 

1187 

1208 

1243 

1220 

1277 

1381 

1398 

138 

112 

83 

112 

8.34 

112 

139 

139 

278 

255 

232 

205 

200 

172 

144 

144 

146 

176 

227 

227 

195 

167 

167 

19i 

1442 

1347 

1484 

1552 

1636 

1530 

1541 

1596 

1695 

1563 

1495 

1390 

1345 

1259 

1231 

1231 

1235 

1355 

1435 

1470 

1415 

1444 

1548 

1593 



Table 4. Monthly Energy Demand 

(MWhr/Month) 

January 

February 

March 

April 

May 

Heating Load 

9141 

7532 

6959 

3391 

1829 

June 

July 

August 

September 

October 

November 

December 

1100 

2890 

5373 

7581 

DHW 

744 

672 

744 

720 

744 

744 

744 

744 

720 

744 

720 

744 

Total 

9885 

8204 

7703 

4111 

2573 

744 

744 

744 

1820 

3634 

6093 

8325 

Total 45796 8784 54580 
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2.4 Overall System Description 

A c e n t r a l f i e l d of c o l l e c t o r s feeds hot water, via a buffer-daily 

cycle storage tank, either d i r e c t l y in to the d i s t r i b u t i o n loop or in to an 

aquifer which has i t s charge and d ischarge we l la loca ted c l o s e to the 

co l lector f i e l d . The dis tr ibut ion system i s a two-pipe c loaed loop system 

with flow in e i ther direct ion, with a zero point at the end opposite from the 

co l lector f i e l d . No de ta i l s regarding the building heat distribution network 

have been determined. Distribution temperature i s tentat ive ly set at 52'C. 

Water i s delivered to the d is tr ibut ion system from the diurnal tank, which i s 

heated by the c o l l e c t o r s and/or the aquifer storage. The solar aystem wi l l 

be sized to supply from 90% to 100S of the load. When i n s u f f i c i e n t heat i s 

a v a i l a b l e from e i t h e r source to msintain the supply water at 52''C or above, 

an auxil iary supply, which may be either a foaall (natural gas) f i red b o i l e r 

or heat pump, i s turned on. 

A v a r i e t y of system conf igura t ions and control atrategiea , which 

are i d e n t i c a l during the aummer (and some port ion of spring and f a l l ) 

charging-of-storage period, but differ during the winter discharging and load 

supply season, were invest igated. The basic snd common configuration during 

SLinmer charging i s shown in Figure 3 . During summer operation the aquifer i s 

charged with water at a temperature between 83'*C and 82°C. The ho ld ing or 

in termediate s torage tank i s used as a thermal integrator. Injection into 

the aquifer proceeda when the tank temperature reachea or exceeds 83''C snd 

terminates when the temperature f a l l a below 82''C. Thia s trategy allows 

e a a e n t i a l l y c o n s t s n t tempersture i n j e c t i o n of water . Aquifer water i s 

entirely separate from co l l ec tor f lu id . 

The aimpleat conf igurat ion for winter operation MODE A, which was 

used for the bulk of the analyaea c a r r i e d out in t h i s s tudy , i s shown in 

Figure 4 . 
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F i g u r e 3 . Su™er Opera t ion (MODE A,B,C - No Load) 
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Figure 4, Winter Operation (MODE A) 
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During winter operat ion with MODE A the c o l l e c t o r f i e l d feeda 

energy at temperatures of S2.3*C (123''F) d i r e c t l y into the p ip ing to the 

l oad . When the c o l l e c t o r output temperature f a l l s below th i s value, energy 

for the load i s dram from the holding tank. When the temperature of the 

holding tank f a l l s below 52.3"C, energy i s recovered d i r e c t l y from the 

aquifer. When the recovery temperature f a l l s below 32'C s u x i l l a r y energy 

must be added. A heat exchanger i s used between the distr ibution return l i n e 

and the return well l ine to raise the input temperature to the tank. While 

t h i s r e s u l t s in decreased co l l ec tor eff ic iency more energy i s recovered from 

the return l i n e . 

The MODE A c o n f i g u r a t i o n was s imul s t ed for two d i f f e r e n t 

operational condit ions , ss follows: 

1) An annual c y c l e system using MODE A operation 

during f i r s t year charging of the aquifer was 

s i m u l a t e d . The i n i t i a l ground water temperature 

was taken to be 11 *C ( 5 2 ' F ) . The average 

i n j e c t i o n temperature into the aquifer waa taken 

to be 83'*C ( 1 8 3 ' F ) . No usefu l energy was 

extracted below 32'C (125''F). 

2 . The operat ion of the aolar thermal u t i l i t y 

f o l l o w i n g five yeara of charging and discharging 

was s i m u l a t e d . The average temperature of 

withdrawal of ground water was taken aa 42''C 

(108'F) . 

An a l t e r n a t e conf igurat ion atrategy, MODE B, for winter operation 

ia i l luatrated in Figure 3 . In MODE B operat ion a second holding tsnk i s 

added to improve c o l l e c t o r e f f i c i e n c y and to allow energy to be drawn out 

from the aquifer at what would be a leas than uaeful temperature in MODE A 

o p e r a t i o n . In t h i s study t h i s use fu l temperature ia chosen to be 38°C 

(100"F). However, only a l imited nunber of aimulationa of MODE B o p e r a t i o n s 

were conducted . In theae runa the temperature of the source ground water 

waa taken aa 11'C. 
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Figure 5. Winter 
Operation (MODE B) 
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F i g u r e 6, Win te r O p e r a t i o n (MODE C) 
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By l i n k i n g the I n t e r m e d i a t e Storage Tank and the Holding Tank of 

MODE B via a heat pump, i t becomes possible to draw the intermediate atorage 

tank and the a q u i f e r storsge down to a much lower temperature , thereby 

increasing col lector ef f ic iency and storage recovery . Thia MODE C w in te r 

opera t ion i s shown in Figure 6 . However, since SASS did not contain a heat 

pump module, no simulation of th ia operational mode was conducted. 

3. SUBSYSTEM CHARACTERISTICS 

3.1 Aquifer Specif ications 

The primary seasonal heat storage subsystem selected for the Fox 

River V a l l e y Na t iona l Teat Case i s s deep, conf ined s q u i f e r . Severa l 

potent ia l ly usable confined aquifera underlie the Madison area; however, data 

is not presently avai lable on theae aquifers. Consequently, for the purposes 

of our p r e l i m i n a r y dea ign, we u t i l i z e d the wel l -def ined character ist ics of 

the r e l a t i v e l y nearby " F r a n c o n i a - I r o n t o n - G a l e s v i l l e formations" a q u i f e r 

underlying Minneapolis-St. Paul , Minneaota, which is presently being u t i l i z e d 

in a DOE sponsored aquifer seasonal thermal energy storsge f i e l d test^^. An 

a r t i s t sketch of the aquifer structure is shown i n F igure 7 . A summary of 

hydrau l ic and thermal p r o p e r t i e d of the ae lec ted formations are given in 

Table 5. The H a t e d parametera are favorab le for aqu i fe r thermal energy 

s torage , but are c e r t a i n l y not o p t i m a l . Geologic aystems exist in a wide 

variety of locations within the United States that would have equal or bet ter 

character ia t ica . 
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ST. PAUL MN HIGH TEMPERATURE FIELD TEST 
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Table 3. Aquifer Hydraulic and Thermal Characteristics 

Aquifer thickness (assumed to be under 
artesian conditions snd isolates top 
and bottom by nearly impermeable 
strata) 

Depth (below land surface) 

Aquifer Horizontal Hydraulic Conductivity 

Aquifer Vertical Hydraulic Conductivity 

Aquifer Poroaity 

Aquiclude Thickness (top and bottom) 

Aquiclude Horizontal Hydraulic Conductivity 
(top and bottom) 

Aquiclude Vertical Hydraulic Conductivity 
(top and bottom) 

Aquifer Thermal Conductivity (aandatone-
unsaturated value) 

Aquifer Heat Capacity (sandstone - aame) 

Aquiclude Thermal Conductivity 

Aquiclude Heat Capacity 

Water Heat Capacity 

Reservoir Fluid Pressure 

Permeability 

Storage Coefficient 

70 feet 

400 feet 

15 ft/day 

1.3 ft/day 

0.20 

30 feet 

0.1 ft/day 

0.01 ft/day 

30 BTU/ft . day'F 

25 BTU/ft^ 'F 

25 BTU/ft day 'F 

23 BTU/ft5 "F 

1.0 BTU/lb 'F 

100 paia 

Determined 9 20"C 

1 X 10-^ 
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3.2 Aquifer Performance Modeling 

Conventional means of heat storage frequently f a l l in to a standard 

pat tern of performance. There i s a storage medium wi th a def ined heat 

capaci ty , volume, and heat loss rate, and daily in teract ion between storage, 

collectors,and load. In a simulation of annual storage systems, the s torage 

component i s analyzed by ca l cu la t i ng a dai ly heat balance. Net heat flow 

into the storage component i s ca lcu la ted as the sum of heat i n p u t , heat 

removal for the load, and heat l os t from s torage. The d a i l y change i n 

storage temperature may then be calculated based on storage capacity and t h i s 

net heat flow. Storage volume is of course a constant, and the key parameter 

for system analysis is the storage temperature. 

Aquifers d i f fe r from th is conventional storage component model in a 

number of ways. In the f i r s t place, aquifer systems can not be modeled as an 

i n te rac t i on between a co l lec t ion /d is t r ibu t ion system and a storage medium of 

constant volume. Rather, the volume of hot water introduced into the aquifer 

i s increased as heat is collected in the summer,and the stored hot water i s 

removed from the aquifer as heat is needed in the winter . The most important 

parameter i s not the storage temperature, but the storage volume. Storage 

temperature is not found through a heat balance equation, but rather from an 

aquifer temperature p ro f i l e . I t is the change in volume of stored water that 

i s calculated through the heat balance. 

A second d i f fe rence in the s imu la t ion of aquifer performance i s 

that aquifer heat losses are a complex f u n c t i o n , depending on a number of 

physical fac tors w i th in the aqu i f e r . There i s no simple term for dai ly 

storage heat loss; the storage processes may be understood only i n terms of 

the season-long aquifer processes. 

The analysis of aquifer performance used in th is study i s based on 

work by Doughty, Hellstrom, Chin Fu Tsang, and Claesson^. This work presents 

an analysis of aquifer performance in the fol lowing scenario. Hot water at a 

f ixed temperature i s in t roduced i n to the aquifer at a constant rate for a 

three-month period. Next, the aqu i fe r water i s assumed to be s tored fo r 

three months, without in teract ion with the rest of the system. In the t h i r d 
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three-month period, water is withdrawn from the aquifer at a constant rate 

for use by the load. Finally, in the laat three month period, the emptied 

aquifer stands Idle, with the cycled water stored in the cool-storage well. 

This cycle represents a summer charging period, fall storage, winter dis­

charging, and a spring idle time. 

Based on this situation, Doughty*a analysis preaents a profile of 

aquifer temperature versus time for the winter dischsrging period, assuming 

constant rate of withdrawal of heat from the aquifer. Theae temperature 

profiles are dependent on three dimensionless parameters which are uaed to 

characterize the individual aquifer: the Peclet number (Pe). the Lambda 

number (A), and the ratio of thermal conductivities (^3/^^' * P̂ °*̂  °^ ^^® 

generated temperature profiles is shown in Figure 8 (from Reference 9). 

A number of problems arise in adopting these results for aquifer 

performance to the design of a complete system. In an aquifer storage 

system, both the periods of injection of aquifer water and the perioda of 

retrieval are likely to be longer than three months. Furthermore, the 

injection temperature may not be conatant. What will aquifer performance be 

under these conditions? Specifically, there ia one open question concerning 

the reported squifer temperature profile: should the temperature profiles 

reported by Doughty et. al. be viewed as linked to the time of year, even if 

the withdrawal period ia longer than three months, or should the temperature 

profile be linked to the quantity of water withdrawn from the aquifer? Since 

the withdrawal rate ia constant over time in Doughty's analysis,the reported 

aquifer temperature profiles may be viewed either as being time-dependent or 

volume-dependent. 

It waa decided that the aquifer temperature prof ilea reported by 

Doughty will be used in the simulation as a function of the quantity of water 

withdrawn, and not aa a function of time. This decision is somewhat 

arbitrary, and reflects unknown factors in aquifer performance. However, if 

time were to be uaed aa the parameter for determining aquifer temperature, 

there would be difficulties in determining the appropriate time period that 
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the temperature p r o f i l e ia l inked t o . When the temperature p ro f i l e ia l inked 

instead to the rate of withdrawal, the p ro f i l e ia automat ical ly adjuated to 

re f lec t the proper time period. 

The Pec le t number and other aqu i fe r parametera, based on geo­

graphical character is t ics of the Minnesota-Wisconsin r e g i o n , were found by 

Charles Kincaid of Pac i f ic Northweat Laboratorlea."•! The numbers are; 

Pe 

A 

^s/K 

= 99.3 

= 31.3 

= 1.67 

where £ i s the a q u i f e r storage e f f i c i e n c y , approximately 0 . 6 7 . The 

appropriate temperature p r o f i l e waa found from Doughty'a work assuming an 

i n j e c t i o n temperature of 83*C and a ground temperature of 13''C. The actual 

temperature p r o f i l e was found to be a l i n e a r p a t t e r n , wi th the a q u i f e r 

temperature varying from 82'C to 32°C. 

I t was also decided to aaaume the uae of a diurnal cycle storage 

tank in conjunction with the aquifer and the ao lar c o l l e c t i o n aystem. The 

r e s u l t i n g c o n f i g u r a t i o n , prev ious ly r e f e r r e d to as MODE A, i s shown i n 

F igures 3 and 4 . Uae of a d i u r n a l tank ia j u s t i f i e d for the f o l l o w i n g 

reaaona: 

1 . Without a d i u r n a l tank there would be frequent day- to -day 

cycling of the aquifer storage aystem, especially in the spring 

and f a l l montha. I t i s not known what the e f f e c t of rapid 

cycling would be on aquifer performance. The pumping coat o f 

repeated cycling ia also unknown. 
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2. A d iu rna l storage tank would not add s ign i f i can t l y to the cost 

of the entire system, and would have many advantages from the 

point of view of system contro l . 

3. Use of a " two-tank" system, wi th both d i u rna l and annual 

storage, results in a s igni f icant performance advantage over a 

single unstrat i f ied annual storage tank . Since the aqu i f e r 

cannot be s t r a t i f i e d , the two-tank concept may be advantageous 

there also. This i s reported on more f u l l y in a recent work by 

Sillman.^ 

3.3 Collector Subsystems 

A to ta l of f ive di f ferent col lector types were studied. These are: 

f la t plate,evacuated tube, advanced CPC evacuated tube, parabolic t rough and 

cent ra l rece iver . The performance for each of these c o l l e c t o r types i s 

calculated with the MINSUN-UMSORT Routine^ by the fol lowing equation: 

E = FR (Ta) K^̂  - FRUL (Ti-Ta^b)/ I 

- (FRUL)2 (Ti-T3^b)Vl2 

where k^^ i s the inc ident angle modify ing f ac to r fo r i n s o l a t i o n angles 

other than normal. The parameter values used for each c o l l e c t o r type are 

given in Table 6 below.^ 

3.4 Distr ibut ion Subsystem 

Most hot water d i s t r i b u t i o n systems in Western European countries 

are designed for a maximum supply l i n e temperature of 110-130"'C (230 

to 266°F) and for a re tu rn l i n e temperature of 50-70''C (122 to 158°F)''2. 

Choice of an aquifer in ject ion temperature of 85''C (IBS^F) places an unusual 

constraint upon the operation of the d is t r i bu t ion system. 
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Table 6 . Collector Parameter Values 

Collector Type 

Flat Plate 

Evacuated 

Advanced CPC 

Parabolic Trough 

Central Receiver 

•̂R 

0.808 

0.310 

0.70 

0.807 

0.980 

I^RUL 

4.33 

1.30 

1.00 

0.089 

0.00 

(FRUL)2 

0.00 

0.00 

0.00 

0.869 

0.00 

Xxa 

0.10 

0.17 

0.17 

0.00 

0.00 

We have chosen a d is t r ibu t ion temperature of 32'C ( 1 2 3 ' F ) . Such a 

choice a l lows poss ib le use of innova t ive non-corroaive materials such aa 

f iberglass reinforced p l a s t i c , cross-l inked p o l y e t h y l e n e , po lybuty lene , or 

prest ressed or polymer concretes. However, the design of the heat del ivery 

system is less f l e x i b l e . Attention must be paid to use of best exchsngers 

which have a a u f f i c i e n t drop in temperature. A central temperature control 

strategy cannot be used without a foasi l fuel backup heater to booat system 

temperatures on colder days. A v a r i a b l e flow c o n t r o l method such as is 

employed in Japanese d i s t r i c t hea t ing systems, should probsbly be 

incorporated into our design. This may prove somewhat d i f f i c u l t . 

I f we assume that the heat exchangera are deaigned to provide a 

13*C temperature drop at the l o a d , then from the re la t ion v = Q/cp iT , a 

vo lumetr ic water flow of approximately 0.2 m' per second is required to meet 

the 17 MW thermal peak l o a d . I f we keep below the t y p i c a l maximum range 

d i s t r i b u t i o n p ip ing flow v e l o c i t y of 3.3 m/second, the main l i n e piping 

diameter required ia 0.23 m, which ia not unreasonable. 
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4. SIMULATION MnOELS AND METHODS 

4.1 Use of MINSUN 

The MINSUN computer code would r e q u i r e major modif icat ion to be 

used with an aquifer storage system. The MINSUN code u s e s a h e a t b a l a n c e 

equat ion to model the storage component, and c a l c u l a t e s the s to rage temper­

a t u r e d i s t r i b u t i o n at the end of each day . As e x p l a i n e d above , such a 

calcula t ion i s inappropriate for an aquifer , where the important parameter i s 

not s t o r a g e t empera tu re but s t o r a g e volume. F u r t h e r m o r e , t h e s t o r a g e 

t empera tu re in an aquifer system does not have the same ef fec t on the o ther 

system components as storage usually does ( i . e . a q u i f e r t e m p e r a t u r e i s no t 

l inked to c o l l e c t o r i n l e t t e m p e r a t u r e ) . Consequen t ly , a modif ica t ion of 

MINSUN to model aquifer systems would require not j u s t an a d d i t i o n a l s t o r a g e 

component model, but would r e q u i r e changing t h e i n t e r a c t i o n between the 

storage subsystem and o ther components of t h e model . F i n a l l y , MINSUN a t 

p resen t cannot be used with a diurnal s torage tank , as would be requ i red by 

the current aquifer system design (MODE A). I t was concluded t h a t the use of 

MINSUN for the U.S . Na t iona l Test Case would r equ i r e major modif ica t ions 

which are beyond the scope of t h i s s tudy. 

4.2 The SASS Code 

I n s t e a d , t he SERI Annual S to r age S i m u l a t i o n (SASS) Code was 

modified for use with an a q u i f e r . The SASS s i m u l a t i o n c o d e , d e s c r i b e d 

e lsewhere^>^, i s a simple da i l y - s t ep s imulat ion for both d iurna l and annual 

storage systems. Because i t i s a very simple model, i t i s easy to modify for 

an aqu i fe r sys tem. In t h e modif ied ve r s ion of SASS, a conventional so la r 

heating system with diurnal s torage i s modeled. However, when t h e d i u r n a l 

s to rage tank reaches 85 C , excess heat i s not dumped, but i s s to red in the 

aquifer. As explained above, the volume of water s tored in the aquifer i s t o 

be c a l c u l a t e d based on t h e amount of h e a t a v a i l a b l e to heat aquifer water 

from l l ' C or 42''C (the temperature of the cold s to rage well in t h e f i r s t or 

s i x t h year of operation) to 85°C. When the s torage tank temperature exceeds 

85 C, the heat exchange between s torage and aquifer d e p i c t e d in F i g u r e 3 i s 

a c t i v a t e d . The tank s torage temperature i s assumed to decrease t o 79.4°C, 
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while water entering the aquifer is assumed to increaae from iTC or 42*C to 

85'C. Based on this heat exchange and the heat capacity of water, the volume 

of water added to the aquifer ia calculated. In the winter, heat is 

extracted from the aquifer whenever the storage tank temperature dropa below 

32'C. The temperature of the extracted aquifer water ia found from the 

aquifer temperature profile discuaaed above. The aquifer water dropa to 42'C 

in the course of heat exchange, and is stored in the cool storsge well. The 

volume of aquifer water extracted ia again calculated baaed on this heat 

exchange, as the volume necessary to heat the atorage tank to 32'C. 

Note, that in the course of this calculation, the modified SASS 

simulation not only calculates system performance, but also finds the 

required volume of the aquifer in order to store all available heat. The 

total quantity of water introduced into the aquifer is calculated by summing 

the individual additions. As will be discussed below, the optimal system 

sizing is most likely one with an aquifer large enough to store all exceaa 

Simmer heat. Thus the problem of optimal sizing is greatly simpl if ied--the 

simulation itself calculatea the proper aquifer size for a given collector 

area. Note alao that the aquifer temperature profile and other system 

control and heat exchange arrangements used in the simulation may be modified 

to reflect the physical properties of different aquifers, and to reflect 

different ayatem configurationa. 

There are two problema with the use of the SASS code for the design 

of the U.S. National Test Case. One problem ia that the SASS code was 

originally designed only for simulation with flat-plate and evacuated-tube 

collectors, and could not simulate the performance of many collectors used in 

this study. A second problem ia that the SASS simulation reaults may not be 

comparable to the reaults of MINSUN, used by the other lEA Taak VII study 

participants. In order to aolve both these problems, a further modification 

of the SASS code was done to enable the SASS program to run with data 

generated by UMSORT, the MINSUN preproceaaor. (Normally, SASS runs on its 

own preproceased radiation data). In thia way, the SASS code may be run for 

any collector type that has been included in MINSUN, and generates MINSUN-
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c o n s i s t e n t r e s u l t s . A d i s c u s s i o n of our experience w i t h the SASS code and 

with MINSUN, along wi th a v a l i d a t i o n of the m o d i f i e d SASS code a g a i n s t t h e 

MINSUN code i s presented i n the Appendix. 

5, RESULTS 

5.1 Preliminary Analyses 

As a f i r s t a t t a c k on t he des ign p r o b l e m , i n o rde r t o r o u g h l y 

compare the d i f f e r e n t con f igu ra t i on -opera t ion s t ra tegy MODES (A & B) and t o 

o b t a i n a p r e l i m i n a r y system s i z i n g and performance, s imu la t ions were per­

formed for a system w i t h a q u i f e r s t o r a g e , f o r o n l y t h r e e c o l l e c t o r t y p e s 

( f l a t p l a t e , evacuated tube and parabol ic t r o u g h ) , fo r Madison, Wisconsin, 

for MODE A operat ion (Figures 3 and 4) i n the f i r s t year and a f t e r f i v e years 

of operat ion, and for MODE B operat ion (Figures 3 and 5) i n the f i r s t year o f 

operat ion. A system s imulat ion f o r a s o l a r system w i t h d i s p e r s e d d i u r n a l 

storage designed to meet 40-70% o f the load was also performed fo r comparison 

purposes. 

The c o l l e c t o r a r e a , s o l a r c o n t r i b u t i o n s ( f r a c t i o n s ) from both the 

aquifer and the c o l l e c t o r s , the o v e r a l l s o l a r f r a c t i o n s , and t h e average 

aqu i f e r e f f i c i e n c i e s are l i s t e d i n Table 7 , fo r th ree types o f c o l l e c t o r i n 

each of the three con f i gu ra t i ona l -ope ra t i ona l modes. 

These p re l im inary s imu la t ion r e s u l t s are also p l o t t e d i n F igures 9 

through 11 together w i th the r e s u l t s of the d i u r n a l system s i m u l a t i o n . I t i s 

ev ident t h a t once a d e c i s i o n i s made to use aqu i fe r thermal energy storage 

then the e f f i c iency of storage should be maximized by choos ing an o p t i m a l 

c o n t r o l s t r a t e g y . The graphs demonstrate tha t MODE A opera t ion requ i res a 

substant ia l amount of backup energy i n charging from per formance on c u r v e a 

( f i r s t year) to that on curve b ( s i x t h yea r ) . A lso , the u n i t y so lar f r a c t i o n 

points on curves b and c (MODE B) are i d e n t i c a l because a t t h i s p o i n t no 

backup i s r e q u i r e d even w i t h MODE B o p e r a t i o n and t h u s e f f e c t i v e l y t h e 

aquifer i s used only down to 52''C. The main d i f f e r e n c e between MODE A and B 
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operation is that the charging to curve c (MODE B, first year) takea 

substantially less energy than charging from curve a to b (MODE A, firat to 

sixth year). 

The slopes of curves c and b become lesa poaitive aa solar fraction 

unity ia approached. The optimal point dependa on the trad©-off between the 

price of backup energy and collectora. Our initial estimate wss that a 

system using either flat plate or evacuated tube collectora would have an 

economic optimum at 90% solar fraction. The system using parabolic troughs 

could be driven at close to unity solar fraction. Another consideration is 

the yearly variation in load. A system designed with an adequate backup to 

meet 10S of the load would easily manage extra cold wintera. 

3.2 Aquifer Syatem Final Sizing and Economic Analysis 

System sizing was performed for the MODE A configuration in the 

sixth year of operation, using the modified SASS code for five collector 

types -- flat plate, evacuated tube, advanced CPC collector, parabolic 

trough, and central receiver. The analysis for Madison was alao repeated in 

part for the other two I.E.A. Task VII stsndard test sites, Boston and 

Copenhagen. In each case, aquifer systema were designed sssuming the aquifer 

is large enough to store all collected solar energy. The performance of 

diurnal aolar systems for the same collector array, load, and control 

strategy is alao calculated for comparlaon with the aquifer system. Diurnal 

tank aize in cubic meters is set as one tenth the size of the 
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Table 7. Preliminary Simulation Results 

Control 

Strategy 

MODE A 
First-Year 

MODE A 
Sixth-Year 

MODE B 
First-Year 

Collector 

Type 

Evacuated 
tube 

Flat 
plate 

Parabolic 
trough 

Evacuated 
tube 

Flat 
plate 

Parabolic 
trough 

Evacuated 
tube 

Flat 
plate 

Parabolic 
trough 

Collector 

Area 

(1000m2) 

50 
80 
100 
120 
50 
80 
100 
120 
25 
40 
50 
60 

50 
80 
100 
120 
50 
80 
100 
120 
25 
40 
50 

50 
80 
100 
50 
80 
100 
120 
25 
40 
50 

Solar Fraction 

Collectors Aquifer 

{%) 

36 
49 
56 
62.7 
37 
49.4 
56.2 
62.3 
36.2 
50 
57.5 
64.2 

36 
49 
56 
62.7 
37 
49.4 
56.2 
62.3 
36.2 
50 
57.5 

36.4 
49.1 
55.8 
38.5 
50 
56 
62 
36 
50 
57 

i%) 

8 
15 
20 
25.1 
8 
15.2 
20 
25.4 
9.1 
17.5 
23.7 
29.6 

14 
26 
35.6 
36.8 
14.5 
27 
36.3 
37.3 
16.5 
32 
41.9 

15.2 
29.4 
39.2 
15.8 
30 
39 
37.5 
18 
35 
42 

Overall 

Solar 

Fraction 

i%) 

42 
64 
76 
87.8 
45 
64.6 
76.2 
87.7 
45.3 
67.5 
81.2 
93.8 

50 
75 
91.6 
99.5 
51.5 
76.4 
92.5 
99.6 
52.7 
82 
99.4 

51.6 
78.5 
95.0 
54.3 
80 
95 
99.5 
54 
85 
99 

Aquifer 

Annual 

Thermal 

Efficiency {%) 

38.4 
39.3 
38.4 

38.5 
39.7 
38.9 
38.2 
38.6 
38.6 
41 .2 
39.6 

67.4 
68.4 
67.5 
54.7 
69.2 

68.2 

70.6 
68.6 

80.6 
81.2 
76.8 
81 
81 
76 
86.4 

82 
70.6 
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co l l ec to r array in square meters. Thus, a 100,000 m2 array would have a 

diurnal tank, both as part of the aquifer system and in the d i u r n a l system, 

of 10,000 m̂  volume. 

In add i t i on , comparable system designs are presented for cer ta in 

systems with storage in constructed tanks instead of the a q u i f e r . The tank 

systems were analyzed using both MINSUN and the SASS design code. 

Collector performance parameters were those specif ied by Zinko and 

Hakanssen in an e a r l i e r I .E.A. Task V I I study.1^»6 jge of the MINSUN 

preprocessor insures that co l lector performance w i l l be comparable to the 

other studies of th is Task VI I series. 

Along with system performance, an economic analysis i s presented 

for each of the system s imu la t ions . The economic ana lys is i s somewhat 

unusual. I t r e l i e s on the calculat ion of a system break even cost, which i s 

defined as the cost of al ternat ive fuel ( in ^/kWh) needed to make the solar 

heating system a break-even economic investment when compared to an 

equivalent conventional HVAC system. The system break even cost i s ca­

lculated as follows: Total energy supplied by the system i s found from the 

simulat ion results. Total system cost is calculated. The break even cost i s 

the cost of energy which, when applied to the quan t i t y of energy de l i ve red 

annually by the system, results in an expense equivalent to the t o t a l system 

cost based on a l i fe -cyc le costing analysis. 

Cost assumptions are as fol lows. For f l a t plate and evacuated tube 

co l l ec to rs , $170/m2 inc lud ing p ip ing and i n s t a l l a t i o n . For advanced CPC 

co l l ec to r s , parabolic troughs, and central receivers, $250/m2. These costs 

are taken to ref lect future cost goals for c o l l e c t o r s . * Present c o l l e c t o r 

The projected future cost goals for CPCs, parabolic troughs, and centra l 

receivers are actua l ly a l l below $200/m2. However these projected costs 

seem extremely inexpensive. The $250/m2 f i g u r e was taken as a less 
optimistic base for comparison. 
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C08ts l5 are probably too high to be coat e f fect ive for a l l except f l a t p late 

c o l l e c t o r s ( p o s s i b l y ) . The aaaumed coat of storage ia $20/m5 for the 

a q u i f e r ' ' * , $33/m5 for l a rge annual storage tanks, and $200/m5 for diurnal 

tanks. The aquifer coat f igure ia necessarily imprec iae , the ac tua l coats 

w i l l be l i n k e d to the coat of d r i l l i n g individual wella rather than to the 

actual storage capacity. The diurnal storage cost is somewhst high for the 

d i s t r i c t - s c a l e diurnal storage tanks, but i t is selected to re f lec t the cost 

of heat exchangers and controla as we l l . 

Ana lys is of the d i s t r i b u t i o n system has not been performed in 

d e t a i l . P r i o r experience suggests that the cost and performance of the 

d i s t r i b u t i o n system w i l l be a major fac tor in aystem v i a b i l i t y . In the 

I n g l e s t a d 30 residence system^^ which wss used recently ss s test caae for 

the MINSUN simulation, d is t r ibu t ion losses accounted for one t h i r d of the 

to ta l system load, and a s igni f icant share of t o t a l system cost. However the 

Madison system is designed for a high-denaity d i a t r i c t , and the d i a t r i b u t l o n 

system w i l l be p r o p o r t i o n s t e l y smaller. Baaed on the d i a t r i c t a i ze , i t i a 

estimated tha t a d i s t r i c t hea t ing g r i d o f 3000 meters l e n g t h , wi th p ipe 

diameters of 0.23 meters, w i l l be required. Using MINSUN to analyze the cost 

and performance of th is g r i d , with standard cost aasumptions ($100/m p ipe 

l e n g t h , $100/m^ insulat ion mater ia l , and 3 cm. insulat ion thickness), i t was 

found that the t o t a l d is t r ibut ion system cost i s $1.2 m i l l i o n . D i s t r i b u t i o n 

losses were found to be only 3% of the t o t a l ayatem load. These assumptions 

were used in the simulation. 

F i n a l l y , the parameters used for the economic l i f e - c y c l e costing 

analysis are: 

Discount ra te : 10% above in f l a t ion 

Fuel escalation ra te : 4% above i n f l a t i o n 

System l i f e t i m e : 20 years 
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These assumptions result in a present worth factor (defined as the ratio of 

present value to annual payment) of 11.5. These assumptions are more 

stringent than the standard lEA Task VII assumptions of 4% interest and 2% 

fuel escalation above inflation, which would result in a present worth factor 

of 16. (Note that the higher interest rate penalizes the solar systems, but 

the higher fuel escalation rate improves its cost effectiveness relative to a 

conventional systems). 

Complete results for all systems, in the three cities, are pre­

sented in Table 8. Table 8 includes the following information: 

- Collector area (in 1000 m2) 

- Storage volume, assuming the aquifer is large enough to 

store all collected energy (in 1000 m^) 

- Solar fraction (the percentage of the load met by solar) 

- Diurnal solar fraction (The solar fraction that would be 

supplied by a diurnal system without the aquifer) 

- Diurnal system break even cost 

- Storage system break even cost 

- Total system break even cost 

The storage break even cost is a break even cost computed for the 

storage component alone. It is calculated by computing the difference 

between energy supplied by the total system and energy supplied by the 

diurnal system. This difference is taken as the amount of energy "supplied" 

by the annual storage. Break even cost is computed by counting this amount 

of energy against the cost of the annual storage system. 
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Table 8 . System Performance. Sizing end Economics 
Madison, Wisconsin 
(Load 34,600 MWH) 

C o l l . Aquif. Solar 
Area Vol Fractn. 
(1000 (1000 
m2) m3) 

FLAT PLATE COLLECTOR 

73. 239. .348 
100. 383. .694 
123. 332. .832 
130. 6 9 1 . .969 

Diurnal 
Solar 
Fractn. 

.446 

.324 

.387 

.639 

Breakeven 

(Diurnal) 

3.3 
6.1 
6.8 
7.4 

Costa (Ce 

(Stor . ) 

8.1 
7.2 
6.9 
6.7 

nts/KWH) 

(Total) 

6.0 
6.4 
6.8 
7.2 

EVACUATED TUBE COLLECTOR 

73. 
100. 
123. 
140. 

268. 
406. 
369. 
674. 

.339 

.717 

.871 

.938 

.437 

.321 

.390 

.628 

3.6 
6.2 
6.7 
7.1 

7.0 
6.6 
6.4 
6.3 

3.9 
6.3 
6.6 

•6.9 

ADVANCED CPC COLLECTOR 

30. 
30. 
70. 
90 . 

120. 
282. 
4 6 1 . 
677. 

.361 

.368 

.763 

.948 

.308 

.433 

.332 

.614 

4.8 
3.4 
6.0 
6.6 

7.2 
6.8 
6.4 
6.3 

3.2 
3.7 
6.1 
6 .6 

PARABOLIC TROUGH 

40 . 
60 . 
80 . 
83 . 

213. 
412 . 
626. 
683. 

.491 

.717 

.923 

.974 

.384 

.502 

.601 

.623 

3.0 
3.5 
6.0 
6.2 

6.4 
6.1 
6.2 
6.2 

3.3 
3.7 
6.1 
6.2 

CENTRAL RECEIVER 

60. 
70 . 
80 . 

463. 
3 8 1 . 
709. 

.746 

.834 

.962 

.303 

.532 
.396 

3.3 
3.8 
6.1 

6.1 
6.1 
6.2 

5.7 
5.9 
6.1 
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Table 8. (Continued) 
Copenhagen, Denmark 
(Load 49,700 MWH) 

Coll. 
Area 
(1000 
m2) 

Aquif. 
Vol 
(1000 
m^) 

Solar 
Fractn. 

Diurnal 
Solar 
Fractn. 

Breakeven Costs (Cents/KWH) 

(Diurnal) (Stor.) (Total) 

FLAT PLATE COLLECTOR 

100. 
130. 
170. 
200. 

145. 
231. 
370. 
476. 

.605 

.724 

.880 

.977 

.548 

.616 

.693 

.742 

6.4 
7.4 
8.5 
9.2 

8.9 
7.5 
6.9 
7.1 

6.7 
7.4 
8.1 
8.7 

EVACUATED TUBE COLLECTOR 

100. 
125. 
150. 
160. 

201. 
304. 
418. 
464. 

.651 

.774 

.896 

.941 

.550 

.613 

.670 

.720 

6.4 
7.1 
7.8 
7.7 

7.0 
G.G 
6.5 
7.3 

6.5 
7.0 
7.4 
7.6 

ADVANCED CPC COLLECTOR 

75. 
100. 
110. 

275. 
461. 
536. 

Jib 
.917 
.988 

.577 

.663 

.693 

6.5 
7.4 
7.8 

6.5 
6.4 
6.4 

6.5 
7.1 
7.4 

PARABOLIC TROUGH 

60. 
75. 
80. 
85. 

284. 
426. 
475. 
525. 

.720 

.874 

.923 

.971 

.566 

.629 

.651 

.672 

5.4 
6.0 
6.1 
6.3 

6.5 
6.1 
6 1 
6.1 

5.6 
6.0 
6.1 
6.2 

CENTRAL RECEIVER 

50. 
60. 
70. 
80. 

244. 
349. 
457. 
566. 

.651 

.764 

.873 

.977 

.510 

.562 

.607 

.649 

5.0 
5.4 
5.8 
6.1 

6.1 
6.0 
6.0 
6.0 

5.3 
5.6 
5.9 
6.1 
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Table 8 . (Continued) 
Boston, Massachusetts 

(Load 44,000 MWH) 

Coll. Aquif. Solar 
Area Vol Fractn. 
(1000 (1000 
m2) m3) 

FLAT PLATE COLLECTOR 

75. 236. .609 
100. 353. .766 
123. 480. .914 
140. 568. .990 

Diurnal 
Solar 
Fractn. 

.490 

.570 

.639 

.676 

Breakeven 

(Diurnal) 

6.2 
7.0 
7.7 
8.1 

Costs (Cents/KWH) 

(Stor.) (Total) 

7.8 6.5 
7.2 7.0 
6.9 7.5 
7.1 7.8 

PARABOLIC TROUGH 

50. 
60. 
70. 
80. 

289. 
380. 
472. 
567. 

.654 

.770 

.887 

.975 

.454 

.532 

.586 

.636 

6.4 
6.5 
6.8 
7.1 

5.7 
6.3 
6.2 
6.2 

6.2 
6.4 
6.6 
6.8 

WVANCED CPC COLLECTOR 

50. 
60. 
70. 
80. 
82. 

260. 
340. 
424. 
508. 
525. 

.621 

.726 

.831 

.932 

.952 

.468 

.518 

.570 

.625 

.633 

6.2 
6.6 
7.0 
7.2 
7.3 

6.7 
6.5 
6.4 
6.5 
6.5 

6.3 
6.6 
6.8 
7.0 
7.0 
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5.3 Discussion of Aquifer System Results 

The breakeven costs may be interpreted as fol lows. Whenever the 

actual al ternat ive fuel cost i s greater than the diurnal (or t o t a l ) system 

breakeven cost , then the d iu rna l (or t o t a l ) system i s c o s t - e f f e c t i v e . 

Whenever a l t e r n a t i v e fue l costs are greater than the storage component 

breakeven cost, then i t is worth including annual storage in the system. I f 

the storage component breakeven cost i s too h i g h , t h i s means tha t i t i s 

preferable to build a diurnal system without annual storage. For the annual 

storage system to be economically advantageous, the cost of a l t e rna t i ve f u e l 

must be higher than both the t o t a l system cost and the storage component 

breakeven cost. 

Based on the breakeven costs in Table 8, and neg lec t i ng so la r 

fract ions, an opt imiza t ion analys is for f l a t p l a te c o l l e c t o r systems i n 

Madison might go as follows: I f al ternat ive fuel costs less than 5.5^/kWh, 

then no solar system is economically competitive. For fuel costs of 5.5^ to 

6.8?< per kWh, the economically optimal system i s a diurnal system with the 

co l l ec to r area varying from 75,000 m2 to 125,000 m2, depending on the fuel 

cost . For a fue l cost of 6.9-7.2?</kWh, the optimum system is an aquifer 

system wi th 125,000 m2 c o l l e c t o r , and for f ue l costs above 7.2?f/kWh, the 

optimum becomes a 150,000 m2 aquifer system. However, one mighty a l t e r n a t i ­

ve ly , consider ing solar f ract ions, argue that for fuel costs of 6.8e</kWh or 

above,an aquifer system prov id ing 83% solar i s p re fe rab le to the d i u r n a l 

system which supplies only 59% so la r . Also, since i t may be desirable to 

specify some minimum solar f rac t ion , the comparison of breakeven costs can 

depend on th is specified minimum. Thus, for the evacuated tube col lector in 

Madison for instance, the d iu rna l system supply ing 44% to 52% solar at 

breakeven costs of 5.6 to 6.2^/kWh might seem optimal. However, i f a minimum 

solar fract ion of about 60% were desired the aquifer system i s c l e a r l y more 

economical (6.6 to 6.9 ^/kWh for 86 to 97% solar , compared to the diurnal 

systems valve of 6.7 to 1 M/k^h for 59 to 63% so la r ) . 
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With th i s analysis in mind, the results of the system simulationa 

shown in Table 8 lead to the following conclusions, for an aquifer system: 

1. Use of the unimproved evacuated tube collector reaulta in at 

most a slight improvement in system performance over the f lat 

plate co l l ec tor ayatem. In some e s s e s , the evacuated tube 

collector may even cauae a decreaae in system performance. 

2. Uae of the advanced CPC collector reaults in a major improve­

ment in system performance compared to flat plate or evacuated 

tube co l l e c tora . With the advanced CPC collector, required 

collector area for a given ayatem performance level i s reduced 

by 355 from the sres required for flat plate or evacuated tube 

collectora. 

3. Use of centrsl receivers or parabolic troughs results in a 105 

additional improvement over CPC co l l ec tor performance in 

Madison, and 205 in Copenhagen. 

4. With the assumed component costs, the minimufl breakeven points 

for aquifer storaqe, including the storsge component, are 

6-7.5|{/kWh. The minimum breakeven costs for diurnal storage, 

which alwaya occurs at minimum aolar fraction, are 4.8 to 

6.5«f/kWh. For a larger solsr frsction (of at least 605) this 

increases to 5.8 to 7.7 «f/kWh. At the larger solar fractiona 

the aquifer ayatem is almoat always more coat effective. 
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5. Di f ferences in system s i z i ng and economics among the three 

locations are re la t ive ly minor. This i s true part ly because of 

the three l o c a t i o n s , the c i t y w i th the most severe winters 

(Madison) i s also the c i t y w i th the most s u n l i g h t . Use o f 

parabol ic troughs and central receivers were found to be most 

advantageous in Copenhagen, because the i r a b i l i t y to t rack the 

summer sun provides greater performance bene f i t i n tha t 

high- lat i tude locat ion. 

6. The storage e f f i c i e n c y remained constant at 68% fo r a l l 

systems. The aquifer ef f ic iency i s dependent on the aqu i fe r 

temperature p r o f i l e and on the c o n t r o l system o n l y , and i s 

independent of system s i ze . (Note that wi th a d i f f e r e n t 

con t ro l system, i t i s possib le for the e f f e c t i v e aqu i fe r 

eff ic iency to drop to 61%. This depends on system assump­

tions) . 

7. The system performance reported here i s s ign i f i can t l y poorer 

than the performance reported i n the p re l im inary ana l ys i s 

(Section 5 . 1 ) . This i s largely due to a change in the radia­

t ion processor a lgor i thm. The p re l im inary ana lys is assumed 

an iso t rop ic t i l t i n g and 20% ground ref lectance. Ground re f lec ­

tance was set equal to zero in these la ter resu l ts . There was 

also a small error in the SASS code which was since corrected. 

5 .4 Sensi t iv i ty Analysis 

System s e n s i t i v i t y was analyzed with respect to four parameters: 

aquifer size, d is t r ibut ion losses, back up power del ivery system, and aquifer 

heat exchanger. The sens i t i v i t y analysis was performed only for f l a t plate 

and CPC co l lec to r systems in Madison. Results fo r f l a t p la te c o l l e c t o r 

systems are presented in Table 9. 
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Table 9. Sensitivity Analysis for Aquifer System Performance 

Coll. 
Area 
(1000 
n.2) 

Aquif. Solar 
Vol Fractn. 
(1000 
«5) 

Maximum Aquifer Volume Varied 

150. 691. .969 
150. 500. .866 
150. 300. .765 
150. 100. .655 

Distribution Losses Varied 

Diurnal 
Solar 
Fractn. 

.639 

.639 

.639 

.639 

Breakeven 

(Diurnal) 

7.4 
7.4 
7.4 
7.4 

Costs (Cents/KWH) 

(Stor.) 

6.7 
7.0 
7.6 
19.9 

(Total) 

7.2 
7.3 
7.4 
7.7 

Distribution Efficiency = 0.97 

150. 691. .969 .639 7.4 6.7 7.2 

Distribution Efficiency = 0.84 

150. 650. .857 .611 7.7 8.4 7.9 

Distribution Efficiency = 0.71 

150. 599. .745 .575 8.2 11.2 8.9 

Return Temperature Varied 

Return Temperature 40. 

150. 691. .969 .639 7.4 6.7 7.2 

Return Temperature 50. 

150. 691. .951 .603 7.8 6.3 7.3 
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5.4.1 Aquifer size 

Aquifer s ize i s a hard parameter to optimize because the 

actual aquifer cost w i l l depend on the number of we l ls d r i l l e d . The cost 

figure of $20/m^ is in rea l i t y only an approximate cost. I f the main storage 

well turns out to have insuf f ic ient capacity, the only way to increase tha t 

capacity w i l l be to d r i l l a second wel l , which w i l l provide a large increase 

in storage capacity, but also a large jump in cost. Therefore aquifer s i z i n g 

depends on the capacity of the individual wel ls. I f a given aquifer system 

is reasonably close to the desired storage capac i t y , i t w i l l not be worth 

increasing i t s size. 

Table 9 presents system performance for a variety of aquifer 

sizes. I t may be seen t h a t , excluding very small aqu i f e r s , performance 

increases l i n e a r l y wi th increase in aquifer s ize. This increase in system 

performance per unit volume may easily be calculated as the product of water 

heat capac i ty , maximum temperature drop between storage aquifer and cool 

w e l l , and aqui fer storage e f f i c i e n c y . For the system shown here, t ha t 

product is 24.3 kWh/m^ (88.MJ/m^).* 

Assuming a cost of $20/m^, system economics i s found to 

improve with increasing aquifer size. However the breakeven cost fo r la rge 

aquifer systems does not vary s ign i f icant ly with minor var iat ions in aquifer 

size. Consequently the exact dimension of the aqu i fer storage may vary 

depending on the available aquifer capacity. 

The l i near pat tern breaks down for small aqu i fe r volumes because the 

improved co l l ec to r e f f i c i ency whi le operat ing at low temperatures and 

provid ing p a r t i a l solar heat counteracts the ex t ra heat provided by the 
small aquifer. 
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5.4.2 D is t r ibut ion losses 

I t was mentioned above that d ia t r ibu t lon losses may have a 

major impact on system performance. For the high-denaity Madiaon d i a t r i c t , 

i t was est imated that d i s t r i b u t i o n loses would amount to only 35 of the 

d i s t r i c t load. By contrast , in the Ing les tad tes t system, run on MINSUN, 

d i s t r i b u t i o n losses amounted to 355 of the t o t a l load and were equal to ha l f 

of the load of the bui ldinga. The d i s t r i b u t i o n system e f f i c i e n c y waa only 

655. 

Table 9 shows the effect of poor d is t r ibut ion ef f ic iency on 

system performance. System heat d e l i v e r y drops sharply ss d i s t r i b u t i o n 

e f f i c i e n c y drops. Note tha t for a d i s t r i b u t i o n e f f i c i e n c y of 715 , the 

aquifer system del ivers only s l igh t ly more heat than a d i u r n a l solar system 

that d id not have l a rge d i s t r i b u t i o n losses . This suggests t h s t , for 

low-density d i s t r i c t s , dispersed diurnal storage systems msy be preferable to 

a central system. 

5 .4 .3 Backup power del ivery aystem 

In the caae system design, best delivery is assumed to take 

place at 52' 'C, w i th a r e t u r n temperature of 40' 'C. The need to provide 

h igh- tempera ture heat may sharply decreaae col lector e f f ic ie rKy , especially 

for f l a t p late co l lec tors . An a l t e r n a t i v e arrangement which would permit 

g rea te r use of low-temperature solar heat in p a r t i a l l y meeting the d i s t r i c t 

heating load could a ign i f icant ly improve ayatem performance. 

In the baae case des ign , a booater heater is introduced 

between the storage tank and the d i s t r i b u t i o n system, which boosts the 

d is t r ibu t ion temperature to 52*C. Since the return temperature is 40''C, th is 

means that the atorage tank auppl iea energy to the system so long as i t s 

temperature is above 40*C. 
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A l te rna t i ve designs are poss ib le . One a l ternat ive i s to 

build the booster heater d i rec t ly into the storage tank, keeping the storage 

at 5 2''C constantly. This may save on the cost of heaters, and may also make 

system control easier, but w i l l prevent use of solar energy at any tempera­

ture below 52''C. On the other hand, the backup fue l supply could be 

completely separated from the d i s t r i c t heat ing system. In t h i s case, the 

solar d i s t r i c t heating system could continue to supply heat to the bu i ld ings, 

even when tank temperature dropped below 40°C,with the separate backup system 

supplying the remainder. 

The analysis shown in Table 9 shows that for an annual-cycle 

system, the e f fec t of the backup power c o n f i g u r a t i o n i s not impor tan t . 

Annual-cycle systems are already designed to provide near ly a l l the 

b u i l d i n g ' s heat at temperatures greater than 52''C. The advantage (or 

disadvantage) of al ternative backup system designs only occurs dur ing the 

b r i e f periods when the backup system i s needed. Consequently, i t only 

changes the performance of the solar heat ing system by 1 or 2%.* But fo r 

diurnal systems, which rely heavily on backup power, the backup conf igurat ion 

can s ign i f icant ly change system performance. The e f f e c t s of b u i l d i n g the 

booster heater d i r e c t l y i n t o the storage tank only caused a 2% drop i n 

annual-cycle system performance, but caused a 6% drop in d i u r n a l system 

performance. 

5.4.4 Aquifer heat exchanqer 

The design of the heat exchanger between the solar co l lec­
t i on system and the aqui fer i s found to have a major impact on system 
performance. 

Note that the performance of annual cyc le systems, especially those with 

f la t plate c o l l e c t o r s , could be s i g n i f i c a n t l y improved by lower ing the 

system delivery temperature in the d is t r ibu t ion network. 
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In the original design (Figure 3), the aquifer heat 

exchanger is assumed to be located inside the diurnal storage tank. Aquifer 

water was assumed heated from 42*C to 85*C while being pumped from the cool 

storage well to the hot storage well. The atorage tank is cooled in the 

process. However the storage tank is not allowed to cool below 79.4"C while 

supplying heat to the aquifer. Once the atorage tank temperature reachea 

79.4*C the tank is aasuned to be too cool to provide the 85'C heat required 

by the aquifer. (In fact the SASS algorithm is designed so thst the diurnal 

storage tank is frequently heated to 90*C or more in order to provide 85°C 

heat for the aquifer). The result of this design is that the collectora must 

operate at 80*C or higher throughout the summer months. 

With 8 more sophisticated heat exchanger, or a stratified 

diurnal storage tank, it would be possible to drive the diurnal tank tempera­

ture much lower. If, for instance, it were poaaible to pump water directly 

from the collector/storage loop into the aquifer, it would be poaaible to 

pump the entire contents of the diurnal tank at 85°C into the hot atorage 

well, and refill the tank with 42"C water from the cool storage well. This 

would represent a heat exchange effectiveness of 1005 between collector and 

aquifer. In practice, it is not possible to introduce water from the 

collector loop directly into the aquifer, but an effective heat exchanger may 

allow the storage temperature to be driven much lower than 80"C while still 

heatir^ aquifer water to 85'C. 

An analysis waa made of system performarKe assuming that the 

diurnal tar^ temperature could be driven down to 64.4'C while the aquifer was 

being charged with 85*C water. Results showed an improvement in the perfor­

mance of flat plate collector systems of nearly 105. The required collector 

area for a 955 solar system in Madison was reduced from 150,000 m2 to 

130,000 »2. sych an improvement still sssumes a heat exchange efficiency of 

only 505 between the collector loop and the aquifer, so still further 

improvements based on better best exchangers may be found. The effect of the 

heat exchanger on aquifer system efficiency may be compared to the effect of 
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backup system con f igu ra t ion on the eff ic iency of diurnal systems. In each 

case system output i s improved by pe rm i t t i ng so lar c o l l e c t i o n at lower 

temperatures. 

With an advanced CPC c o l l e c t o r , the e f f ec t of operat ing 

temperature i s less important. The improved aqu i fe r heat exchange t o 50% 

e f f i c i ency was found to cause only a 2% improvement in system performance 

with CPC c o l l e c t o r s . The conclusion i s the re fo re tha t c a r e f u l a t t e n t i o n 

should be payed to the aqui fer heat exchange conf igura t ion in f l a t p late 

col lector systems, but less so for advanced CPC co l l ec to rs . 

5.5 Annual Cycle Systems With Buried Storage Tank 

Because computer s imulat ions for so lar energy aqu i fe r storage 

systems are not general ly a v a i l a b l e , a comparison has been made between 

aqui fer storage systems and annual cycle storage i n conventional storage 

tanks. Should the behavior of solar systems with storage tanks prove s imi lar 

to aquifer systems, then a standard design code for annual cycle systems such 

as MINSUN might be used for preliminary sizing of aquifer systems as we l l . 

Annual cycle systems w i th tanks were designed using both the 

o r i g i n a l SASS design code and MINSUN. System s ize and performance as 

ca lcu la ted wi th the SASS simulat ion are presented in Table 10. The system 

designs i n Table 10 are a l l based on the SERI optimizat ion c r i t e r i a ' ' . The 

c r i t e r i a state that the optimum storage s ize i s at the point of "uncon­

st ra ined operation", the point at which storage i s large enough to store a l l 

excess collected solar energy. The economic optimum w i l l ei ther be an annual 

cycle system at the unconstrained point or else a diurnal system. Table 10 

presents the performance of both unconstrained annual systems and d i u r n a l 

systems. 
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Table 10. Performance, Siz ing, and Economica for Systems with Storage Tanks 

Coll. 
Area 
(1000 
m2) 

Madison 

100. 
110. 

Storage Solar 
Vol Fractn. 
(1000 
m3) 

- Flat Plate Collector 

560. .905 
650. .969 

Diurnal 
Solar 
Fractn. 

.524 

.550 

Breakeven 

(Diurnal) 

6.1 
6.4 

Costs (Cents/KWH) 

(Stor.) 

8.2 
8.6 

(Total) 

7.0 
7.4 

Madison - Advanced CPC Collector 

70. 
75. 

500. 
600. 

.890 

.964 
.524 
.565 

6.0 
6.0 

7.8 
8.4 

6.7 
7.0 

Copenhagen - F l a t Plate Collector 

140. 450. .950 .639 7.6 8.9 8.0 

Copenhagen - Parabolic Trough 

75. 450. 
80. 450. 

.916 

.965 
.629 
.650 

6.0 9.6 7.1 
6.1 8.7 7.0 

Boston - Parabolic Trough 

70. 450. .940 .586 6.8 8.8 7.5 
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A comparison between Table 10 and the aquifer systems of Table 8 

reveals that systems with storage tanks require smaller c o l l e c t o r ar rays t o 

achieve the same performance as aquifer systems. With f l a t plate co l l ec to rs , 

the col lector array is reduced by approximately 30% when a storage tank i s 

used in place of an aqu i fe r . For parabol ic t roughs , the reduc t ion i n 

col lector size i s 10%. The tank storage volume, however i s roughly com­

parable to the required aquifer storage volume. 

The major reason for t h i s d i f fe rence i n system performance and 

s i z ing has to do wi th the c o l l e c t o r temperature and the aqu i fe r heat 

exchanger. In a conventional annual storage system, the storage temperature 

would gradual ly increase from a minimum value i n the spring to a maximum 

value in the f a l l . Also, the heat exchange effectiveness between c o l l e c t o r 

and annual storage is 100% since the same water may be c i rculated between the 

collector and the annual storage tank. By contrast, in the base-case aquifer 

design, the c o l l e c t o r s must operate at or near the maximum temperature for 

the entire summer, so long as heat is being stored in the aqu i f e r . Because 

of the i n e f f e c t i v e c o l l e c t o r - t o - a q u i f e r heat exchange, the c o l l e c t o r 

temperature must be 80°C before aqui fer storage i s poss ib le . I f a 1005-

e f f ec t i ve heat exchanger were possib le between the co l lector loop and the 

aquifer, the performance of aquifer systems would be comparable to systems 

with annual storage tanks. 

A second d i f fe rence between the aqu i fe r and tank storage systems 

concerns storage losses. In the aqui fer system, storage e f f i c i e n c y i s 

determined by the aquifer temperature p r o f i l e . In tank systems, losses are 

determined by a storage loss ca lcu la t ion. Comparable resul ts may be achieved 

only when the storage tank losses are set so that the storage ef f ic iency i s 

comparable to the aquifer. I t turns out that the tank storage e f f i c i e n c i e s 

for systems simulated in Table 10 are higher than the aquifer e f f i c iency . 

50 



The conclusion ia that the existing annual storage solsr simulation 

code (such as MINSUN-SASS) should not be used to size aquifer systems, or 

should be used only for very rough system sizing. The conventional annual 

storage simulations cannot capture the essential features of the squifer 

systems, especially the heat exchange properties between the collector and 

aquifer. 

An attempt was made to use the MINSUN optimizer to design annual-

cycle systems for comparlaon with the SASS code designs of Table 10. It was 

found that the MINSUN optimizer frequently does not size systems near the 

unconstrained point. This is due to two factors. First, in the stsndard 

MINSUN run, storage excavation and inatallation coats are high, resulting in 

a much higher effective storage cost than the nominal $35/m5 (which accounts 

only for tank material costs). Consequently MINSUN is much more likely to 

select systems with lower storage volume. Secondly, for systems in which 

annual storage ia a bare breakeven proposition, there is no clear-cut 

economic optimum. As discussed elsewhere^ system output incresses linesrly 

with increaaing atorage volume, up to the point of unconstrained operation. 

In this near-breakeven situation, diurnal systems, unconstrained annual cycle 

systems, and intermediate systems are found to all have equivalent economics. 

In this case, the MINSUN optimizer frequently selects an intermediate storage 

size, even thou^ s diurnal atorage system or an unconstrained annual cycle 

system is slightly more favorable economically. 

A complete discussion of system optimization is presented in the 

Appendix. When storsge tsnk material costs were set st $12/m^, MINSUN did in 

fact aelect an optimun ayatem near the point of unconstrained operation, with 

collector and storage aizes comparable to those in Table 10. For a atorage 

cost of $20/m5, MINSUN selects an intermediate point, and with a cost of 

$35/m5, MINSUN selects a diurnal aystem. This is in comparison with 10^/kWh 

backup fuel. Again, the reason is h i ^ storage excavation and installation 

costs in MINSUN. 
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A complete and d e t a i l e d o p t i m i z a t i o n a n a l y s i s and p a r a m e t e r i c 

s e n s i t i v i t y s tudy of the Fox R i ve r V a l l e y P r o j e c t w i t h underg round t a n k 

seasonal storage i s present ly underway, u t i l i z i n g the l a t e s t MINSUN I I I code 

vers ion . Results of t h i s ana lys i s w i l l be r e p o r t e d s e p a r a t e l y at a l a t e r 

date. 

6. CONCLUSIONS 

In t h i s study of the U.S.A. Nat ional Test Case, a so lar seasonal a q u i f e r 

s to rage system f o r the Fox R i ve r V a l l e y P r o j e c t , t h e f o l l o w i n g has been 

accomplished: 

1 . A computer s i m u l a t i o n code has been deve loped f o r a n a l y s i s o f 

aqu i fer system designs which i s comparable to MINSUN. 

2 . Seve ra l c o n f i g u r a t i o n a l designs - ope ra t i ona l s t r a t e g i e s have been 

developed and compared. 

3. Simulat ions and optimum designs have been se lec ted and presented f o r 

f i v e c o l l e c t o r types, and for the c i t i e s o f Mad ison , B o s t o n , and 

Copenhagen. 

4 . C r i t e r i a have been developed fo r the optimum aqu i fe r s i z e . I t has 

been found that the i dea l aqu i fe r system has an aqu i fe r l a rge enough 

t o s t o r e a l l c o l l e c t e d s o l a r ene rgy , bu t t ha t the ac tua l aqu i f e r 

s i z e may r e f l e c t t he a v a i l a b i l i t y o f space i n t he i n d i v i d u a l 

aqu i f e r . 

5. S e n s i t i v i t y ana lys is has i d e n t i f i e d two system design fea tu res which 

have a major impact on system per fo rmance and economics : t h e 

d i s t r i b u t i o n system and the aqu i fer heat exchanger e f f i c i e n c i e s . 

Further work on the U.S.A. Nat iona l Test Case w i l l r equ i r e more s p e c i f i c 

i n f o r m a t i o n on system c o n f i g u r a t i o n and hardware. In p a r t i c u l a r , d e t a i l e d 

designs must be developed fo r c o l l e c t o r p ip ing and the d i s t r i b u t i o n n e t w o r k , 

i n o rder to proper ly assess d i s t r i b u t i o n losses . I n v e s t i g a t i o n of a v a i l a b l e 
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heat exchange equipment for use in charging the aquifer , and estimation of 

a l t e r n a t i v e heat exchanger performance and c o s t s , is alao neceaaary . 

F i n a l l y , the poaa ib i l i ty of integrated t o t a l energy system design--which uaes 

central receivers or trough c o l l e c t o r s to generate e l e c t r i c i t y as wel l as 

space heat--may be worth invest igat ing in an anrnjal cycle system. 

As more detai led system designs become a v a i l a b l e , the SASS code and 

design procedure can be u t i l i z e d to generate apecif ic aquifer system size and 

performance. The f ina l state in aystem design for sn aquifer storage system 

can, however, only take place a f ter aquifer wells hsve been d r i l l e d and the 

avai lable aquifer character is t ics and storage volume has been sssessed for a 

specif ic s i t e . 

Advanced vers ions of MINSUN, capable of modeling aquifer systems and 

systems with both diurnal and seasonal storage, are expected to be developed 

as part of the lEA Task V I I a c t i v i t i e s , and may be applied to future analyses 

of solar systems with seasonal storage in aquifers. 
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APPENDIX 

MINSUN AND THE SERI DESIGN METHODS 

Th is appendix w i l l address two issues concerning s imu la t i on methods f o r 

the design of solar heat ing systems. The f i r s t w i l l be a v a l i d a t i o n o f t h e 

SASS des ign code a g a i n s t MINSUN. The second concerns experience w i t h the 

MINSUN opt imizer and the SERI op t im iza t i on c r i t e r i a . 

A. Va l i da t i on of the SASS code against MINSUN 

The o r i g i n a l SASS s i m u l a t i o n i s a code ve ry s i m i l a r to MINSUN. 

L i ke MINSUN, i t uses a d a i l y s tep s i m u l a t i o n . L i k e MINSUN, i t a c c e p t s 

p re -p rocessed r a d i a t i o n da ta t o f i n d i n s o l a t i o n on a t i l t e d c o l l e c t o r 

sur face. Compared to MINSUN, t he SASS code has b o t h advantages and d i s ­

advantages. For the purpose o f t h i s s t u d y , t h e r e are t h r e e s p e c i f i c 

advantages of the SASS code tha t are worth h i g h l i g h t i n g . 

1. The SASS code i s a much simpler program than MINSUN. The 

algor i thm may be l i s t e d in less than 4 pages of computer 

pr intout . Consequently i t i s very easy to modify. 

2. SASS is already constructed to s imulate d i u r n a l , as we l l as 

annual storage systems. As explained above, simulation of a 

diurnal storage tank i s presently necessary i n the s imu la t i on 

of solar energy aqui fer storage systems. Diurnal systems are 

also worth including in the optimization process. 

3. Instead of a computerized op t im i za t i on code, SASS permi ts 

user - in te rac t ive system des ign. In running SASS, the user 

enters a series of col lector and storage sizes. The simulation 

then p r i n t s a one- l i ne summary of the performance o f each 

system. This permits a more accurate explorat ion of system 

sizing options and design trade-of fs than can be provided w i th 

a computerized optimizer. 
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Conversely, MINSUN permits considerably more detail , preciaion, and 

f lexibi l i ty in the modeling of real solar systems with seasonal storage. This 

i s true for both the design of subsystems and in the economic and performance 

analyaes. In addition, MINSUN can be driven through a aequence of runs to 

e f f e c t i v e l y model performance and cost surfaces over a range of input 

variables. Recent versions of MINSUN also have the capabil i ty to d irect ly 

produce data for three dimensionsl plots of cost snd performance surfacea. 

In the i n i t i a l comparison between MINSUN and SASS, aome 

discrepancies were found based on the algorithm used for analyzing radiation 

data. The SASS radiation processor differs from the UMSORT program in the 

following ways. 

1. The SASS radiation processor i s written only for fist piste 

collectors. 

2. The SASS processor uses an anisotropic t i l t i n g algorithm, 

developed by John Hay, for analyzing diffuse rsdiation.^6 

MINSUN uaes the more standard isotropic t i l t ing formula. 

3 . The SASS radiation proceasor assunes 205 ground reflectance of 

aolar radiation, and assumes that reflected ground radiation i s 

receivable by a f la t plate c o l l e c t o r . The MINSUN processor 

assumes zero ground reflectance, even for f la t -p la te c o l l e c ­

t o r s . (This i s j u s t i f i e d for Isrge central collector arrays 

where only the outer rows msy experience s ignif icant ground 

reflectance). 

There were also slight differences in the calculation of delivered 

aolar energy to the load between MINSUN and SASS. In th i s case, the SASS 

routine waa modified s l ightly . 
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In o rde r to make t h e SASS s imula t ion comparable with MINSUN, the 

following s teps were taken. 

1. The SASS code was modif ied t o run u s i n g t h e MINSUN UMSORT 

output , i n s t e a d of i t s own r a d i a t i o n p r o c e s s i n g a l g o r i t h m . 

This p e r m i t s SASS to be run for any c o l l e c t o r t h a t can be 

modeled by MINSUN, us ing t h e same d a t a for s o l a r c o l l e c t o r 

performance tha t MINSUN uses . 

2 . The SASS r a d i a t i o n p r o c e s s o r was a l so modified and run using 

the same assumptions as t h e MINSUN p r o c e s s o r in c a l c u l a t i n g 

f l a t p la te and evacuated tube c o l l e c t o r performance. 

The r e s u l t s of the two modified SASS c o d e s - t h e one wi th UMSORT 

d a t a and the o the r with i t s own modif ied r a d i a t i o n processor - were then 

compared to s ingle-poin t MINSUN runs . The case used for t h i s comparison was 

the U.S . Na t iona l Test Case , The Fox River Valley P r o j e c t , with an annual 

cycle s torage tank system. A comparison of r e s u l t s i s presented in Table 1 1 . 

The r e s u l t s are found to be within 1% of each o the r . 

I t i s concluded tha t the modif ied SASS code and t h e MINSUN code 

p rov ide equivalent r e s u l t s in the s implif ied ana lys i s of annual cyc le system 

performance. 

B. The MINSUN optimizer and the SERI design c r i t e r i a 

In Sec t ion 5.5 above , some mention has been made of t h e SERI 

o p t i m i z a t i o n c r i t e r i a . This c r i t e r i a s t a t e s t h a t op t ima l annua l c y c l e 

systems wil l be sized at the point of "unconstrained opera t ion" , t he point at 

which storage i s la rge enough to s to re a l l heat c o l l e c t e d in the summer. I f 

t h e u n c o n s t r a i n e d po in t does not r e p r e s e n t t h e optimum, than the optimum 

point wil l be a diurnal system. This i s not s t r i c t l y t r u e , for t h e r e a r e a 

few c a s e s in which a system wi th i n t e r m e d i a t e s t o r a g e s i z e w i l l be t h e 

optimum. But these intermediate optima are r a r e and shou ld be viewed wi th 

some suspicion. 
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In running the MINSUN optimizer, i t waa found that occaaionally an 

i n t e r m e d i a t e point waa choaen as the system optimum. This ra ised some 

concern that perhsps the SERI optimization c r i t e r i a was in error . However, 

i t turned out that those intermediate optima were selected only when annual 

storage represented a "bare breakeven" propoait ion. Conaequently, the system 

economics did not vary much with storage s i z e . In t h i s case,MINSUN would 

frequently optimize at a point that was technicsUy non-optimal. 

Table 1 1 . Val idat ion of SASS Simulation Code 

Performance for the U.S. N a t i o n a l Test Case, w i th an annual atorage tank 
system, according to MINSUN, according to SASS wi th UMSORT i n p u t , and 
according to SASS with i t s own modified rsdiat ion processor. 

Collector 
Area (1000 m2) 

Madison - CPC 

199 
93.7 
98.8 
80 

100 

Storage 
Volume (1000 

40 
40 
519. 
600 
300 

m>) 
Solar 

MINSUN 

.885 

.647 

.983 

.977 

.842 

Fraction 
SASS/ 
UMSORT 

.898 

.659 

.974 

.970 

.854 

SASS 

.894 

.651 

.967 
X 
X 

Boston - FPC 

100 
100 

40 
400 

.592 

.921 
.606 
.916 

.603 
X 

Following are two examples, drawn from experience with the U.S. 

N a t i o n a l Test Case: One is for a CPC system in Msdison, Wisconsin. MINSUN 

waa run using the same input parameters ss wss presented in the I n g l e s t a d 

t e s t run of MINSUN, w i th modif icat lona only to input the data for the U.S. 

National Test Case. In addi t ion , the cost of storage was reduced from $35 

to $15 /m^. (Wi th $35/m^ storage, MINSUN optimized to s system with minimal 

storage volume, apparently becauae h i ^ evacuation and const ruc t ion costs 

were found in addition to the tank material costs.) 
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For t h i s case, t he MINSUN o p t i m i z e r came up w i t h the f o l l o w i n g 

s i ze : 

COLLECTOR 98,736 m2 STORAGE 519,239 m^ 

SOLAR 95% TOTAL COST $3,796 m i l l i o n 

Us ing SASS and the SERI o p t i m i z a t i o n c r i t e r i a , one would o b t a i n 

i n s t e a d a c o l l e c t o r s i z e o f 80,000 m2 and the storage volume of 600,000 m-̂  

for the unconstrained po in t , and a so lar f r a c t i o n o f 95%. 

T h i s u n c o n s t r a i n e d p o i n t was run on MINSUN as a s i n g l e p o i n t 

c a l c u l a t i o n . I t was found tha t the TOTAL COST parameter was $3,791 m i l l i o n , 

s l i g h t l y less than the cost given by the MINSUN o p t i m i z e r . 

In another case, a f l a t p l a t e c o l l e c t o r system f o r Madison was 

s i z e d w i t h MINSUN, t h i s t ime w i t h $25/m^ s t o r a g e c o s t s . With a s t a r t i n g 

guess o f 100,000 m2 c o l l e c t o r and 400,000 m^ storage,MINSUN opt imized to the 

fo l l ow ing po in t : 

COLLECTOR 138,747 m2 STORAGE 399,574 m^ 

SOLAR 88% TOTAL COST $6.5295 m i l l i o n 

The u n c o n s t r a i n e d p o i n t , a c c o r d i n g t o SASS, would be 110,000 m2 

c o l l e c t o r and 600,000 m^ s torage. The solar f r a c t i o n i s 93.5%. 

When the unconstrained po in t was run on MINSUN the t o t a l c o s t was 

found to be $6,999 m i l l i o n , which i s s i g n i f i c a n t l y higher than the MINSUN 

optimum cos ts . 
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However the t rue optimum In t h i s case turned out to be a system 

w i t h minimal s torage . MINSUN was run w i th a c o l l e c t o r of 138,747 m2 a 

s torage of 50 ,000 m^. The r e s u l t i n g solar f ract ion was 685, and the cost 

parameter $5,933 m i l l i o n . Next, MINSUN was run to select the optimun system, 

but w i th an i n i t i a l gueas of 40,000 m̂  storage. Now MINSUN optimized to s 

minimum storage system w i th 180,000 m̂  co l lec tor , 50,000 m̂  storage, and a 

cost parameter of $5,724 m i l l i o n . 

A similar case occurred with the Inglestad aystem that waa sent out 

as a MINSUN uniform teat caae. For the input values used in the I n g l e s t s d 

t e s t , MINSUN was run by the Solar Energy Reaearch I n s t i t u t e , and found to 

opt imize at 3500 m2 c o l l e c t o r and 3200 m̂  storsge, as i t did in the actual 

t es t . However, w i th only s s l i g h t change in the s t a r t i n g c o l l e c t o r and 

storage s ize , the optimum point was found to be 5474 m2 col lector snd 12192m^ 

storage. This l a t t e r point turned out to be an unconstrsined annual cyc le 

system, and hsd very s l ight ly lower costs than the or ig inal optimum point. 

Several other runa with MINSUN reaulted in an optimum point at an 

I n t e r m e d i a t e storage s i z e . In esch caae, a s i n g l e point calculat ion was 

performed with MINSUN for the point of unconstrained operation found by SASS 

and for a system wi th minimal storsge. In a l l but one inatance, either the 

unconstrained system or the system with minimsl storsge turned out to be an 

improved optimum over the point selected by MINSUN. In the one exception, 

MINSUN did f i n d an in te rmed ia te optimum that waa b e t t e r than the uncon­

strained point , but the difference in to ta l aystem cost was negl ig ib le . 

The conclusion is that none of the MINSUN runa have cast doubt on 

the v a l i d i t y of the SERI optimization c r i t e r i a . 
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Based on t h i s experience, two ways to improve the performance of 

the MINSUN optimization routine are suggested: 

1 . The MINSUN routine could possibly be modified to take advantage 

of the SERI optimization c r i t e r i a . I f the MINSUN rou t i ne were 

d i rec ted to check the unconstrained po in t and the point of 

minimum storage, cases in which an i n f e r i o r optimum po in t i s 

selected might be avoided. 

2. In cases where annual storage is a bare break-even proposit ion 

and system economics i s r e l a t i v e l y unchanging w i th s torage 

s i ze , the user needs to know tha t he has a wide range of 

feasible design choices, rather than one optimum. In t h i s 

case, MINSUN could inform the user tha t there are several 

systems with equivalent cost, so that the user may choose based 

on the desired solar f ract ion and storage size. As i t i s now, 

the MINSUN optimizer simply reports a single system s i z i ng . 

An a l t e r n a t i v e approach, which has been used ' ' , and is being used 

in current analyses, i s to d r i ve the MINSUN s imu la t ion program through a 

sequence of runs for ranges of selected var iab les ,and to p l o t cost and 

performance curves or surfaces (3-dimensional surfaces can be generated) from 

which an optimum design can be selected according to cost and solar f rac t ion 

c r i t e r i a spec i f i ed by the user. This more u s e r - i n t e r a c t i v e desi.gn 

methodology provides the designer with the necessary perspective of system 

cost and performance over an appropr ia te ly wide range, which i s c l e a r l y 

lacking in the b u i l t - i n MINSUN optimization rout ine. 
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